Cell entry by enveloped viruses requires fusion of the viral envelope with host cell membranes, a step in infection that is mediated by viral fusion proteins. Viral fusion proteins have been categorized into two and possibly three groups based on their structures and mechanisms for mediating fusion (22, 58, 70) . Class 1 fusion proteins, which fold as trimers, include paramyxovirus F proteins, influenza virus hemagglutinin (HA) proteins, and retrovirus envelope (Env) proteins. These proteins, synthesized as inactive precursors, are cleaved into two subunits, F 1 and F 2 in the case of paramyxoviruses. The sequence at the new amino terminus generated by this cleavage is the fusion peptide (FP), which inserts into the target membrane upon fusion activation (reviewed in references 12, 23, 49, and 70) . These proteins also contain two important heptad repeat (HR) domains. The F protein HR domains are located just carboxyl terminal to the fusion peptide (HR1) and adjacent to the transmembrane (TM) domain (HR2). The HR1 and HR2 peptides have a strong affinity and form a very stable six-stranded coiled coil, with HR1 forming an interior trimer and HR2 binding in the grooves of the trimer in an antiparallel orientation (3) . Inhibition of fusion with either the HR1 or HR2 peptide suggests that the HR1 and HR2 domains in the intact protein are not associated prior to F protein activation, while the two domains are complexed in the postfusion F protein (28, 59, 76) .
Current models for class 1 fusion proteins propose that fusion activation, by receptor binding or acid pH (reviewed in references 9, 12, 24, and 34), results in dramatic conformational changes in these proteins. First, the FP is exposed for insertion into a target membrane, anchoring the protein in that membrane. It is then proposed that the protein proceeds to refold, forming a complex between heptad repeat domains, which pulls the target and the effector membranes together (reviewed in references 9, 26, and 60). Models for the mechanistic details of the subsequent hemifusion and pore formation are less well defined, although there may be additional conformational changes in the F protein during these stages of fusion (8, 35, 47) . How fusion proteins accomplish these extensive conformational rearrangements is not clear.
Thiol/disulfide exchange in various cell entry proteins, including diphtheria toxin and fusion proteins of some animal viruses, has been shown to be necessary for the fusion of membranes (25, 73) . In vaccinia virus infection, the disulfide bonds in core proteins are reduced during entry into the host cell (36) . Disulfide bonds in the envelope protein in Sindbis virus are reduced during cell entry (2) . Disulfide bond rearrangement is involved in forming the fusogenic complex of baculovirus gp64 (39) . The surface (SU) subunit of the Env protein in Moloney murine leukemia virus has a CXXC motif that leads to isomerization of a disulfide bond between the SU and TM proteins, which is required for fusion (17, 56, 69) . Recent studies of the human immunodeficiency virus type 1 (HIV-1) Env protein have shown that a plasma membraneassociated oxidoreductase, protein disulfide isomerase (PDI), or a related protein, is required for the fusion of membranes mediated by HIV-1 Env (16, 40, 61) . It was proposed that, upon gp120 binding to receptors, thiol/disulfide isomerase activity cleaves disulfide bonds in Env, facilitating its refolding, which is required for membrane fusion. Down regulation of PDI has also been shown to inhibit infection by mouse polyoma virus (21) .
PDI and PDI-like isomerases belong to the thioredoxin superfamily (14) . These enzymes catalyze the reduction, formation, and isomerization of disulfide bonds in proteins in the endoplasmic reticulum (ER) (71) . Although they are ER-resident proteins, they are also present in other cellular locations, including plasma membranes, where they associate with integral plasma membrane proteins through noncovalent interactions (27, 66) . The redox function of PDI-like proteins is based on one or more catalytic domains bearing a CXXC motif (20, 37) . In the ER, these isomerases act mainly as oxidases. Cysteines in their CXXC motifs are oxidized, leading to the formation of disulfide bonds in interacting proteins. At the cell surface, these isomerases predominantly act as reductases, and cysteines in their CXXC motifs are in the form of free thiols. These forms of the proteins lead to cleavage of disulfide bonds and production of free thiols in interacting proteins (54) .
It is unknown if disulfide bond rearrangement has any role in paramyxovirus attachment and fusion, mediated by the HN and F proteins, respectively. We found that free thiols can be detected in surface-expressed Newcastle disease virus (NDV) F protein, but not in HN protein. Furthermore, we found that the non-membrane-permeating inhibitors of disulfide bond isomerases, 5Ј5-dithio(2-bis-nitrobenzoic acid) (DTNB) and bacitracin, as well as anti-PDI antibodies, inhibited cell-cell fusion and virus entry mediated by NDV glycoproteins. DTNB and bacitracin also inhibited the formation of free thiols in the F protein. These inhibitors also altered the conformation of cell surface-expressed F protein, as detected by conformationsensitive antibodies. Furthermore, blocking the free thiols in F protein by covalent addition of a thiol-specific biotin inhibited cell-cell fusion. Our results suggest that disulfide bond reduction in cell surface NDV F protein is mediated by PDI-like enzymes and that disulfide bond isomerization may be required for conformational changes in F protein that are essential for membrane fusion.
MATERIALS AND METHODS
Cells, virus, and plasmids. COS-7 cells, obtained from the American Type Culture Collection, were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with nonessential amino acids, vitamins, penicillin, streptomycin, and 10% fetal calf serum. Stocks of NDV B1, an avirulent strain, were grown in embryonated chicken eggs and purified by standard protocols (42) .
NDV F and HN genes were inserted into pSVL and pCAGGS expression vectors as previously described (43, 44) .
Transfections. Transfections were accomplished using Lipofectin or Lipofectamine (Invitrogen). For Lipofectamine transfection, a mixture of DNA (pSVL, 1 g/35-mm plate, or pCAGGS, 0.5 g/35-mm plate) and Lipofectamine (7 l/35-mm plate) in OptiMEM medium (Gibco) was incubated at room temperature for 45 min and added to COS-7 cells grown in 35-mm plates and previously washed with OptiMEM. For Lipofectin transfection, DNA (pSVL, 1 g/35-mm plate) and Lipofectin (10 l/35-mm plate) were incubated with OptiMEM separately at room temperature for 40 min. Both DNA and Lipofectin were mixed and incubated further for 15 min and added to OptiMEM-washed cells grown in 35-mm plates. The cells were incubated for 5 h at 37°C, the OptiMEM was removed, and 2 ml of supplemented DMEM was added.
Antibodies and PDI inhibitors. Anti-NDV antibody was raised in rabbits against UV-inactivated stocks of NDV strain AV by standard protocols as previously described (43) . Rabbit anti-HR1 and anti-HR2 antibodies were raised against peptides with the HR1 and HR2 sequences from NDV F protein as described previously (10, 43) . Anti-Fu1a is a mouse monoclonal antibody specific for the NDV F protein and was obtained from M. Peeples (51) . Anti-AS antibody was raised against a peptide with a sequence from the NDV HN protein as previously described (45) . The secondary antibodies used were anti-rabbit immunoglobulin G (IgG) coupled to horseradish peroxidase (Amersham), goat anti-rabbit IgG Alexa Fluor 488 (Molecular Probes), and anti-mouse IgG Alexa Fluor 568 (Molecular Probes).
PDI inhibitors, DTNB and bacitracin, were purchased from Sigma. Bacitracin was used with a protease inhibitor, phenylmethanesulfonyl fluoride (0.2 mg per ml of 7.5 mM bacitracin), to prevent the degradation of proteins by contaminating proteases (67) . Polyclonal rabbit anti-PDI antibody was purchased from Stressgen. Anti-CD71 antibody (Santa Cruz Biotechnology) was used as a control IgG.
Cell viability. COS-7 cell monolayers grown in 35-mm plates were incubated overnight with DTNB (2.5 mM, 5 mM, and 7.5 mM), bacitracin (2.5 mM, 5 mM, and 7.5 mM), or anti-PDI antibodies (3 l and 6 l per ml) or left untreated. The cells were then incubated with 2 ml of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Promega) (0.5 mg/ml in phosphate-buffered saline [PBS]) for 3 h at 37°C. After the MTT solution was removed, the cells were treated with 2 ml acidified isopropanol (0.04 M HCl in absolute isopropanol) to solubilize blue formazan crystals. The blue color was quantified by measuring absorbance at a test wavelength of 570 nm and a reference wavelength of 650 nm as described previously (52) .
Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) (Biovision) double staining was performed as described previously (1) . As a positive control for annexin V binding and PI staining by fluorescence microscopy, cells were treated with 0.05% Triton X-100 for 30 min on ice to allow access to the interior of the cells. Incubation with staurosporine (Sigma; 1 M) for 6 h, which induces apoptosis (32) , as well as 0.05% Triton X-100 (30 min on ice), was used as a positive control for flow cytometry analysis (fluorescence-activated cell sorting [FACS] ). The addition of Triton X-100 enhanced PI staining. COS-7 cell monolayers were either incubated overnight with PDI inhibitors or left untreated. The cells were then detached for FACS or left on coverslips for fluorescence microscopy and incubated with annexin V-FITC (5 l) and PI (5 l) in annexin binding buffer (Biovision) for 10 min in the dark at room temperature. The cells were washed twice with PBS, fixed with 2% paraformaldehyde, and analyzed by visualizing them by microscopy or FACS.
Hemadsorption. COS-7 cells grown in 35-mm plates were transfected with pSVL HN. The transfected cells, incubated overnight with DTNB (7.5 mM), bacitracin (7.5 mM), or anti-PDI antibodies (6 l per ml), were then incubated with a 0.4% suspension of washed guinea pig red blood cells (RBCs) (Bio Link) in PBS for 30 min at 4°C. Unbound RBCs were removed by washing them three times with cold PBS. Bound RBCs were lysed with 0.75 ml of 50 mM NH 4 Cl, and the hemoglobin released was quantified by measuring absorbance at 540 nm.
mM Tris-HCl, pH 6.8, 2% SDS, and 10% glycerol) with 0.7 M ␤-mercaptoethanol, and resolved by polyacrylamide gel electrophoresis (PAGE) (10%). The gels were equilibrated in transfer buffer (25 mM Tris, pH 8.2, 192 mM glycine, 12.5% methanol), transferred to Immobilon-P (Millipore Corp.) membranes, and probed with anti-HR2 antibody (1:1,000) or anti-AS antibody (1:1,000) (primary) and goat anti-rabbit immunoglobulin G coupled to horseradish peroxidase (secondary). Bound antibodies were detected using ECL Western blotting detection reagent (Amersham Biosciences).
Syncytium formation. COS-7 cells grown in 35-mm plates were cotransfected with pSVL HN (1 g/plate) and pSVL F (1 g/plate) using Lipofectin (Invitrogen). At 24 h posttransfection, DTNB (2.5 mM, 5 mM, and 7.5 mM), bacitracin (2.5 mM, 5 mM, and 7.5 mM), or anti-PDI antibody (6 l per ml) was added. At 48 h posttransfection, the nuclei in 20 fusion areas were counted to determine the average size of the syncytia, as previously described (62) . Values obtained after transfection with the empty vector were subtracted.
Content mixing. Content mixing was measured by using a modification of a previously described protocol (46) . Briefly, cells grown in 35-mm plates were transfected with pCAGGS-HN (0.5 g/plate) and pCAGGS-F (0.5 g/plate) DNAs and a plasmid encoding a tetracycline-responsive transcriptional activator, tTA (Clontech) (1 g/plate). A separate population of cells was transfected with a plasmid encoding the ␤-galactosidase protein under the control of a tetracycline-responsive transcriptional activator (pB1-G) (Clontech; 1 g/plate). After 36 h, PDI inhibitors were added to the plates, and after 40 h, the cells transfected with pB1-G were removed from the plates with trypsin and placed on top of the HN and F protein-expressing cells. The cells were further incubated with inhibitors for 6 h, washed twice with PBS, and lysed (Promega cell lysis buffer), and extracts were assayed for ␤-galactosidase activity (Promega protocols). Activity due to background fusion of COS-7 cells was measured after cells cotransfected with pTA and empty vector were mixed with cells transfected with pB1-G. The values obtained were subtracted from the values obtained with cells expressing HN and F proteins.
Lipid mixing. The protocol used was similar to that previously described (29) . Briefly, guinea pig RBCs (Bio Link) were washed in PBS and resuspended to give a 0.4% suspension and were incubated with 15 g/ml of R18 (octadecyl rhodamine B chloride; Molecular Probes) for 30 min at room temperature in the dark. Three volumes of complete medium (DMEM with 10% fetal calf serum) was added, and incubation was continued for 30 min. The RBCs were then washed four times in ice-cold PBS and resuspended to give a 0.4% suspension of RBCs in PBS containing CaCl 2 (0.01%). These RBCs were added to cells that had been grown on coverslips in 35-mm plates and transfected with pSVL HN and pSVL F, and were washed in PBS-CaCl 2 . The cells were incubated with labeled RBCs for 30 min on ice. The cells were then washed with ice-cold PBS-CaCl 2 and incubated at 37°C for 40 min. After incubation, the cells were washed in cold PBS-CaCl 2 and immediately visualized and photographed with a Nikon Diaphot 300 fluorescence microscope.
Virus infection. COS-7 monolayers grown in 35-mm plates were incubated with egg-grown NDV strain B1 (multiplicity of infection, 10) at 37°C for 40 min in the presence or absence of inhibitors. The monolayers were washed three times with DMEM and further incubated at 37°C for 9 h with or without inhibitors. The cells were then washed and lysed. Proteins in lysates were resolved by SDS-PAGE and analyzed by Western blotting using a mixture of anti-NDV (1:1,250), anti-HN protein (anti-AS; 1:1,650), and anti-F protein (anti-HR2; 1:2,500) antibodies described above.
For analysis of infection by immunofluorescence (IF), COS-7 cells were grown in 35-mm plates containing glass coverslips and infected in the presence or absence of inhibitors as described above. After 40 min, the cells were washed three times with DMEM and further incubated for 2 h with or without inhibitors. The inhibitors were removed, and surface-bound virus was neutralized by anti-NDV antibody (1:40 dilution). After 6 h of incubation at 37°C, the cells were washed twice with PBS, fixed in 1% paraformaldehyde, and incubated at 4°C in IF buffer (PBS containing 1% bovine serum albumin, 0.02% sodium azide, and 0.01% Biotinylation with MPB. MPB [3-(N-maleimidylpropionyl) biocytin] (Molecular Probes) was used to biotinylate free thiols in cell surface proteins. Transfected cells grown in 35-mm plates were washed with PBS-CM and incubated with MPB (0.5 mM in PBS) at 25°C for 40 min in the presence or absence of DTNB (7.5 mM) or bacitracin (7.5 mM). The cells were then washed once with DMEM and twice with PBS and lysed using RSB lysis buffer as described above.
The lysates were precipitated with 0.3% SDS containing neutravidin-agarose that had been washed sequentially with PBS containing 0.5% Tween 20 and 5 mg/ml BSA and PBS containing 0.5% Tween 20 and 1 mg/ml BSA. The precipitates were washed three times with PBS containing 0.5% Tween 20 and 0.4% SDS, resolved by SDS-PAGE, and analyzed by Western blotting using anti-F (anti-HR2) and anti-HN (anti-AS) antibodies as described previously.
Immunofluorescence. COS-7 cells were grown in 35-mm plates containing glass coverslips and transfected with pSVL HN and pSVL F as described above. After 36 h, DTNB (7.5 mM) or bacitracin (7.5 mM) was added, and the cells were incubated overnight. After Quantification of surface immunofluorescence was accomplished by determining the mean fluorescence intensities for cells, using Adobe Photoshop as described previously (64) . Individual cells were outlined manually using the lasso tool in immunofluorescence pictures opened in Photoshop. The mean fluorescences of selected areas were determined with the histogram submenu. Background fluorescence values were obtained from empty-vector-transfected cells and were subtracted from the values obtained from cells expressing the HN and F proteins.
RESULTS

PDI inhibitors did not affect cell viability or viral glycoprotein surface expression.
To explore the role of disulfide bond rearrangement in the functions of NDV glycoproteins, we determined the effects of inhibitors of disulfide bond exchange-DTNB, bacitracin, and anti-PDI antibodies-on virus attachment and membrane fusion.
For these studies, it was first necessary to determine the effects of these compounds on cell viability and on glycoprotein surface expression. Cell viability was determined using the compound MTT, which is metabolized to form blue formazan crystals in live cells (52) . COS-7 cells, treated overnight with increasing concentrations of DTNB, bacitracin, and anti-PDI antibodies, were incubated with MTT, and the development of blue color in these cells was compared to that in untreated controls. As shown in Fig. 1A , there were no differences in viability between untreated cells and cells subjected to prolonged incubation with the inhibitors.
The effects of inhibitors on cell viability were further explored using annexin V-FITC and PI double staining. Annexin V binds to cell surfaces, and propidium iodide stains nuclei only in cells undergoing apoptosis (77) . Annexin V-FITC and PI double staining of control and inhibitor-treated cells was determined by both fluorescence microscopy and FACS, and the results are shown in Fig. 1B and C, respectively. These results confirmed that PDI inhibitors do not affect cell viability.
To determine the effects of PDI inhibitors on total expression of HN and F glycoproteins or on their cell surface expression, intact COS-7 cells expressing the NDV HN and F proteins were either treated with PDI inhibitors overnight or left untreated, and the surface proteins were biotinylated with sulfo-NHS-SS-biotin. Incubation with inhibitors had no effect on total expression of F protein (Fig. 1D, lanes 8 to 11) or HN protein (Fig. 1E, lanes 8 to 11) . Biotinylated surface proteins in these lysates were precipitated with neutravidin, and F and HN proteins in the precipitates are shown in Fig. 1B To determine if PDI inhibitors affected the neuraminidase activity of HN protein expressed on cell surfaces, cells expressing NDV HN protein were treated overnight with PDI inhibitors or left untreated. Cell surface neuraminidase activity was quantified as described in Materials and Methods. Figure 2B shows that PDI inhibitors did not affect the neuraminidase activity of cell surface HN protein. These results also verify that the levels of HN protein expressed on the surfaces of inhibitor-treated cells were similar to levels on untreated cells.
PDI inhibitors inhibited cell-cell fusion. We next asked if PDI inhibitors blocked F protein-directed cell-cell fusion. Cellcell fusion was measured in three separate assays: syncytium formation, content mixing between effector and target cells, and hemifusion between HN and F protein-expressing cells and red blood cells. As shown in Fig. 3A , increasing concentrations of both DTNB and bacitracin increasingly blocked 2 and 7) or HN and F protein cDNAs (lanes 3 to 6 and 8 to 11), were incubated with DTNB (7.5 mM) (lanes 4 and 9), bacitracin (BACI) (7.5 mM) (lanes 5 and 10), or anti-PDI antibody (6 l/ml) (lanes 6 and 11) or without inhibitor (No Tt) (lanes 3 and 8). Surface F protein (D) or HN protein (E), biotinylated using sulfo-NHS-SS-biotin, were precipitated with neutravidin-agarose (lanes 3 to 6), and total F or HN protein in the extracts (lanes 8 to 11) was resolved by SDS-PAGE and analyzed by Western blotting using anti-F protein antibody (anti-HR2) or anti-HN protein antibody (anti-AS). The amount of the total extract loaded represents one-third of the amount of extract used to precipitate biotinylated surface proteins. Lane 1 shows infected-cell extract used as a marker.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ syncytium formation. At the highest concentrations, DTNB (7.5 mM) inhibited syncytium formation by 83% and bacitracin (7.5 mM) by 71%. Anti-PDI antibodies inhibited syncytium formation by 42%. The effects of PDI inhibitors on pore formation were determined by measuring the extent of content mixing between effector and target cells using a reporter assay as described in Materials and Methods. As showed in Fig. 3B , DTNB inhibited content mixing by 95%, bacitracin by 77%, and anti-PDI antibodies by 51%.
The effects of PDI inhibitors on hemifusion were determined by assessing their effects on lipid mixing between HN and F protein-expressing cells and RBCs labeled with the fluorescence-labeled lipid R18. The extent of lipid dye transfer from RBC membranes to COS-7 cell membranes, which occurs during the initial stages of fusion, was determined by fluorescence microscopy, and representative results are shown in Fig. 3D , DTNB inhibited hemifusion by 75%, bacitracin by 60%, and anti-PDI antibodies by 20%. These results suggested that PDI inhibitors inhibited cell-cell fusion and that the inhibition occurred prior to the onset of fusion, before hemifusion.
PDI inhibitors inhibited virus entry. To determine if PDI inhibitors can inhibit virus entry, COS-7 cells were infected with egg-grown NDV strain B1 in the presence or absence of inhibitors. The extents of infection were measured by the levels of newly made proteins in infected cells. NDV protein expression at 9 h in untreated cells is shown in Fig. 4A , lane 3. Incubation with increasing concentrations of DTNB (lanes 4 to 6) and bacitracin (lanes 7 to 9) significantly decreased NDV protein expression compared to untreated cells (lane 3), while anti-PDI antibody (lanes 10 and 11) was not as effective. Levels of NDV protein expression were quantified using M protein (Fig. 4B ). Higher concentrations of DTNB and bacitracin inhibited M protein expression by 95%, and anti-PDI antibody inhibited it by only 20%.
To determine if the slight inhibition of virus infection by anti-PDI antibody was a specific effect of the antibody, cells were infected in the presence of anti-CD71 antibody, a rabbit polyclonal IgG. As shown in Fig. 4C , anti-CD71 antibody did not affect the NDV protein expression (lane 5), while anti-PDI antibody slightly decreased the protein expression (lane 4).
To ensure that the inhibition of infection by PDI inhibitors was not due to effects on viral replication after virus entry, cells were incubated with the inhibitors for only 2 h after virus adsorption. To prevent the entry of bound virus after the removal of inhibitors, anti-NDV antibody was added after the inhibitors were removed. The efficiency of anti-NDV antibody in neutralizing virus already bound to the target cells is shown in Fig. 4D . Infected cells were incubated at 4°C for 2 h (lane 5). At 4°C, virus particles bind to cells but are unable to proceed to membrane fusion. After 2 h, the cells were washed, and anti-NDV antibody was added. The cells were further incubated and analyzed for NDV protein expression. The protein expression was decreased and was comparable to lane 2, which shows cell lysates infected with virus preincubated with anti-NDV antibody. This result indicates that anti-NDV antibody can neutralize NDV bound to cells. Figure 4E shows that removal of inhibitors at 2 h postinfection still inhibited virus infection, results consistent with effects on virus entry. Cells were infected for 2 h in the presence of inhibitors, the inhibitors were removed, and anti-NDV antibody was added. The cells were incubated for 6 h and then analyzed for NDV protein expression by cell surface immunofluorescence (Fig. 4E) . Cells infected in the presence of DTNB (panel E, III) and bacitracin (panel E, IV) showed significantly decreased surface expression of NDV proteins compared to cells infected without any inhibitor (panel E, II). These results are consistent with an inhibition of virus entry.
To further confirm that PDI inhibitors inhibit a very early step in infection, DTNB was added at different time points after the start of infection. As shown in disulfide bonds of surface-expressed proteins (38, 41) . Thus, it seemed likely that these inhibitors blocked fusion by preventing the formation of free thiols. It follows that either surfaceexpressed HN or F protein may have free thiols. To detect free thiols on cell surface proteins, we used MPB, a non-membrane-permeating, thiol-specific biotin that binds to and biotinylates only free-thiol-containing proteins. COS-7 cells expressing either HN or F or coexpressing both proteins were incubated with MPB. MPB-labeled proteins present in lysates of these cells were precipitated under stringent conditions with neutravidin and resolved by SDS-PAGE, and HN and F proteins in the polyacrylamide gels were detected by Western analysis. SDS was included in the precipitation with neutravidin to eliminate any association of host proteins with either viral protein. As a positive control, cells cultured in parallel were incubated with the reducing agent dithiothreitol (DTT) in order to generate free thiols. Figure  5A shows detection of HN protein in the precipitates. HN protein expressed alone or with F protein was not biotinylated by MPB (lanes 3 and 4) , while HN protein expressed on cell surfaces treated with DTT prior to incubation with MPB was biotinylated (lanes 6 and 7). This result indicates that HN protein at the cell surface does not have free thiols. Figure 5B shows that F protein was biotinylated by MPB when expressed alone or with HN protein (lanes 3 and 4) . This result suggests that surface-expressed F protein has free thiols. The slightly lower levels of HN protein in lane 7 or F protein in lane 4 can be accounted for by a slight reduction in the recovery of total HN or F protein when coexpressed (data not shown), as has been previously noted (5) .
PDI inhibitors blocked detection of free thiols in F protein. To determine if PDI inhibitors block the formation of free thiols in surface-expressed F protein, F protein-expressing cells were incubated with MPB in the presence of DTNB or bacitracin. Figure 5C shows that both DTNB (Fig. 5C, lanes 6 and  7) and bacitracin (Fig. 5D, lanes 6 and 7) inhibited the biotinylation of F protein by MPB. These results indicate that the PDI inhibitors effectively blocked the formation of free thiols in the F protein, which correlated with their ability to block membrane fusion.
MPB binding to F protein blocked cell-cell fusion. Using the content-mixing assay, we also investigated whether MPB bind- Effector cells were overlaid with target cells in the presence or absence of MPB, and the extent of fusion between the two cell populations was determined by measuring the levels of ␤-galactosidase activity as described in Materials and Methods. Figure 6 shows that MPB binding inhibited fusion by 60 to 70%, indicating that blocking the free thiols in the F protein inhibited cell-cell fusion. This result also shows FIG. 4 . Effects of PDI inhibitors on virus entry. (A and B) COS-7 cells, incubated with DTNB (2.5 mM, 5 mM, or 7.5 mM) (lanes 4 to 6), bacitracin (BACI) (2.5 mM, 5 mM, or 7.5 mM) (lanes 7 to 9), or anti-PDI antibody (3 l or 6 l/ml) (lanes 10 and 11), were infected with NDV strain B1 (multiplicity of infection, 10) in the presence (lanes 4 to 11) or absence (lane 3; No Tt) of inhibitors. The cells were further incubated with or without inhibitors for 9 h at 37°C. Proteins in the resulting cell lysates were resolved by SDS-PAGE (10%) and analyzed for NDV protein expression by Western blotting using a mixture of anti-NDV, anti-HN, and anti-F protein antibodies as described in Materials and Methods (A). that F protein with free thiols is a biologically functional form of the protein.
DTNB and bacitracin altered antibody binding to surface F protein. If disulfide bond reduction has a role in conformational changes associated with the onset of fusion, then inhibition of the formation of free thiols in F protein may alter the conformation of F protein on the cell surfaces. Since antibodies are often used to detect conformation differences in proteins, two different conformation-sensitive anti-F protein antibodies, anti-Fu1a (51) and anti HR1 (43) antibodies, were used to determine if incubation with disulfide bond isomerase inhibitors affected the binding of either of these antibodies to F protein. Anti-NDV antibody was used as a control, and as shown in Fig. 7A , anti-NDV antibody binding to cells was unaffected by overnight incubation in DTNB or bacitracin. By contrast, incubation with inhibitors significantly increased the binding of anti-Fu1a (Fig. 7B) . Furthermore, incubation with inhibitors eliminated the binding of anti-HR1 antibody (Fig.   7C ). Mean fluorescence intensities were quantified for the cells shown in panels A, B, and C and are shown in panels D (using anti-NDV antibody), E (using anti-Fu1a antibody), and F (using HR1 antibody). These results indicate that inhibitors of disulfide bond isomerases altered the conformation of the F protein expressed on cell surfaces.
DISCUSSION
Fusion proteins are proposed to undergo extensive conformational changes with the activation of fusion. Evidence for these changes includes alterations in antibody reactivities upon activation (11, 13, 18, 30, 33, 68) , alterations in protease sensitivity (31, 48, 57, 68) , changes in oligomeric status (36, 68) , and differential binding of peptides with sequences from one of the HR domains (59) . Structural analyses of the prefusion and postfusion forms of influenza virus HA (6, 63, 65, 72) are quite consistent with these proposed conformational shifts. In addition, significant conformational differences have been observed between two crystallized forms of the paramyxovirus F protein. One form, exemplified by the structures of the parainfluenza virus 3 F protein (74) and the NDV F protein (7), contains a six-stranded coiled coil composed of the two HR domains of the proteins. Although these crystals were derived from uncleaved forms of the F proteins, they are proposed to be characteristic of the postfusion form of the paramyxovirus F protein (75) . Another F protein structure (75) , derived from a crystal formed by the ectodomain of an uncleaved simian virus 5 F protein fused at the carboxyl terminus of the HR2 domain with the yeast GCN4 sequence, was significantly different. The GCN4 sequence forces the HR2 domain to trimerize, preventing the formation of the HR1-HR2 complex. It has been proposed that this alternative structure represents the conformation of the prefusion F protein (60, 75) . Based on these two different structures, a model for the conformational changes in the paramyxovirus F protein, changes that involve significant rearrangement of the molecule, has been presented (60, 75) .
Disulfide bond isomerization in the HIV Env protein is proposed to accompany and facilitate conformational shifts in that molecule during fusion. Evidence for this idea includes observations that inhibitors, such as DTNB, bacitracin, and anti-PDI antibody, which block the activities of PDI and related isomerases, inhibit HIV entry and HIV cell-cell fusion (16, 40, 61) . Second, free thiols have been detected in the gp120 subunit of the Env protein (4, 19, 40) . These free thiols are reported to form upon CD4 binding (4, 19, 40) or upon binding to CXCR4 (4) . Third, other retroviruses, including murine leukemia virus, have, within the Env sequence, CXXC motifs, which are used during fusion to isomerize the disulfide bond between the TM and SU subunits (17, 56, 69) . It has been suggested that HIV relies on host isomerases while other retroviruses have evolved to encode their own isomerase activities (61, 69) . Additionally, supporting the idea that disulfide bond isomerization may be involved in membrane fusion is a theoretical analysis of disulfide bonds in proteins involved in cell entry (73) . This study described some unusual disulfide bonds present in these proteins. These bonds, called cross-strand disulfides (CSDs), link cysteine residues in adjacent strands in the same ␤-sheet and have high potential energy stored in them (41, 73) . CSDs are identified by higher dihedral strain energy in these bonds due to torsional strain produced by linking adjacent strands (25, 41, 73) . Also, CSDs are more readily cleaved than other disulfide bonds and are more susceptible to reducing agents, thioredoxin or PDI (41, 73) . These bonds were found at higher frequency in proteins involved in cell entry, including bacterial toxins and the viral fusion proteins, HIV gp120, influenza virus HA, and NDV F protein. CSD in the NDV fusion protein links Cys338 and Cys347, which raises the possibility that cleavage of this disulfide bond may be involved in cell entry by NDV (73) .
The results presented here are consistent with the idea that thiol/disulfide exchange in NDV F protein, mediated by a PDI or PDI-like isomerases, is required for virus entry or cell-cell fusion mediated by F protein. Inhibitors of PDI, DTNB and bacitracin, inhibited cell-cell fusion. The results showing an inhibition of virus protein expression are consistent with effects on virus entry. Furthermore, inhibition of cell-cell fusion occurred at an early stage in the onset of fusion, since these inhibitors blocked hemifusion, a result consistent with effects on fusion activation. These results are less likely to be due to nonspecific effects of these inhibitors, since the inhibitors had no effect on cell viability, glycoprotein surface expression, or the attachment and neuraminidase activities of the HN protein.
Anti-PDI antibody was less effective in inhibiting cell-cell fusion, as well as virus entry. DTNB and bacitracin are not specific inhibitors of PDI. DTNB is a nonspecific inhibitor of free thiols (15) , and bacitracin binds to the CXXC motif in catalytic domains that are present in all of the members of the thioredoxin family (53) . The lower efficiency of anti-PDI antibody in fusion inhibition suggests that isomerization of disulfide bonds in the F protein may be due to one or several other thiol-reactive proteins that are found in cells (14, 71) . Indeed, it has been shown that down regulation of PDI using small interfering RNA had only a small effect on infection or cell fusion mediated by HIV-1 (55) , suggesting that other thiolactive enzymes at the cell surfaces are involved in reduction of the HIV envelope glycoprotein.
Since cell surface PDI and related proteins usually serve to reduce bonds in interacting proteins, it seemed likely that the inhibitors blocked the reduction of one or more disulfide bonds in F protein and that surface F protein may have free thiols. Indeed, the results showed that MPB, a membraneimpermeable thiol-specific reagent, binds to the F protein. This binding was inhibited by DTNB and bacitracin, suggesting that the free thiols in F protein are due to reduction by a PDI-like isomerase. The result that inhibitors blocked both fusion and detection of the free thiols is consistent with the idea that only F protein with free thiols can proceed to direct fusion. Interestingly, MPB also inhibited fusion. This result may indicate that completion of the fusion process requires reoxidation of the free thiols in F protein, perhaps as the protein refolds during the onset of fusion. Alternatively, addition of MPB to the F protein may interfere with subsequent conformational changes necessary for fusion. Inhibition of fusion by MPB indicates that F protein with free thiols is not an aberrant, biologically irrelevant form, nor is it in a postfusion conformation.
The results described above are consistent with the model shown in Fig. 8 . Form A shows F protein in a prefusion form with a full complement of intramolecular disulfide bonds. Cleavage of disulfide bonds by PDI-like isomerase produces free thiols in the F protein, as shown in form B. Inhibitors of PDI-like enzymes inhibit the production of these free thiols so that the prefusion form of F protein is the predominant form in the presence of inhibitors. Binding of MPB to the free thiols in F protein in form B inhibits fusion. This binding may inhibit further conformational changes in the F protein, preventing the refolding required for fusion (60, 75) .
The existence of these predicted conformational forms is supported by changes in reactivity to the conformation-sensitive anti-F protein antibodies, anti-Fu1a and anti-HR1 antibodies, after incubation in inhibitors of disulfide bond isomerases. Fu1a antibody binding is significantly enhanced in the presence of DTNB and bacitracin. By contrast, reactivity to antibodies specific for the HR1 domain was lost in the presence of these inhibitors. Both results are consistent with the suggestion that a significant population of F protein on cell surfaces contains free thiols and that the reduction alters the conformation of the protein, decreasing reactivity to anti-Fu1a and increasing the accessibility of the HR1 domain. 
